About one-third of women with epilepsy have a catamenial seizure pattern, in which seizures fluctuate with the menstrual cycle. Catamenial seizures occur more frequently when the ratio of circulating estradiol to progesterone is high, suggesting that estradiol is proconvulsant. We used adult female rats to test how estradiol-induced suppression of GABAergic inhibition in the hippocampus affects behavioral seizures induced by kainic acid. As expected, estradiol decreased the latency to initiate seizures, indicating increased seizure susceptibility. At the same time, however, estradiol also shortened the duration of late-stage seizures, indicating decreased seizure severity. Additional analyses showed that the decrease in seizure severity was attributable to greater release of the anticonvulsant neuropeptide, neuropeptide Y (NPY). First, blocking hippocampal NPY during seizures eliminated the estradiol-induced decrease in seizure duration. Second, light and electron microscopic studies indicated that estradiol increases the potentially releasable pool of NPY in inhibitory presynaptic boutons and facilitates the release of NPY from inhibitory boutons during seizures. Finally, the presence of estrogen receptor-␣ on large dense-core vesicles (LDCVs) in the hippocampus suggests that estradiol could facilitate neuropeptide release by acting directly on LDCVs themselves. Understanding how estradiol regulates NPY-containing LDCVs could point to molecular targets for novel anticonvulsant therapies.
Introduction
In ϳ30% of women with epilepsy, seizures fluctuate with the menstrual cycle, termed catamenial epilepsy. Catamenial seizures occur more frequently when the ratio of circulating estradiol to progesterone is high (Backstrom, 1976) , resulting in at least a doubling of seizure frequency during the preovulatory or perimenstrual periods (Herzog et al., 1997) . This relationship has led to the relatively simple idea that estradiol is generally proconvulsant, whereas progesterone is generally anticonvulsant. Animal studies consistently support anticonvulsant effects of progesterone, primarily through GABA A receptor modulation (Smith et al., 1998; Kaminski et al., 2004) . Evidence for the proconvulsant effects of estradiol, however, is more equivocal.
Some animal studies find that estradiol increases seizure susceptibility, whereas others report no effect (for review, see Veliskova, 2006) . These contradictions may arise from differences in estradiol treatment before seizure testing, among the brain regions involved in different types of seizures, and/or in the aspects of seizures that are measured. For example, studies in rats show that duration of estradiol exposure is critical in determining its cellular and synaptic effects in the neural circuits that support seizure activity, such as in the hippocampus (Rudick and Woolley, 2001 ). Thus, understanding how estradiol influences seizures requires thorough behavioral evaluation under conditions in which its neuronal and synaptic effects are well characterized.
Much of this groundwork has been done for estradiol's effects on seizures that depend on the hippocampus. The hippocampus is frequently a focus of seizure activity in temporal lobe epilepsy, the most common form of epilepsy in adulthood, and the effects of estradiol on hippocampal synapses have been studied extensively (Woolley and McEwen, 1992; Adams et al., 2001; Rudick and Woolley, 2001; Yankova et al., 2001; Rudick et al., 2003; Ledoux and Woolley, 2005; Smith and McMahon, 2005) . Our previous electrophysiological and ultrastructural studies in rats show that 24 h of estradiol treatment suppresses GABAergic inhibitory synaptic transmission in the hippocampus by decreasing GABA release, without affecting excitatory synapses. Estradiol decreases the amplitude of synaptically evoked IPSCs, the frequency but not amplitude of miniature IPSCs (Rudick and Woolley, 2001) , paired-pulse depression of evoked IPSCs (Rudick et al., 2003) , and the number of vesicles docked at inhibitory synapses (Ledoux and Woolley, 2005) . Each of these changes occurs in the absence of any effect on excitatory postsynaptic currents.
Here, we used acute kainic acid (KA) treatment to investigate how estradiol-induced changes in inhibitory synapses in the hippocampus influence hippocampus-dependent behavioral seizures. Systemic KA causes a series of progressively more severe, highly stereotyped behavioral seizures that originate in the hippocampus (Lothman and Collins, 1981; Zeng et al., 2007) . As described below, we found that 24 h of estradiol treatment in-creases susceptibility to initiate KA-induced seizures, as predicted in parallel with decreased inhibition. However, we also observed that estradiol has a mitigating effect to reduce seizure severity once seizures have begun. Further investigation showed that estradiol's effect to reduce seizure severity is related to increased release of the anticonvulsant neuropeptide, neuropeptide Y (NPY).
Materials and Methods
All procedures were performed in accordance with the National Institutes of Health Guide to the Care and Use of Laboratory Animals and were approved by the Northwestern University Animal Care and Use Committee. All animals were adult female Sprague Dawley rats (ϳ200 g; Harlan). Rats were ovariectomized under ketamine (85 mg/kg, i.p.) and xylazine (13 mg/kg, i.p.; both from Lloyd Laboratories) anesthesia using aseptic surgical procedures. Three days after surgery, each rat was given a subcutaneous injection of either 10 g of 17␤-estradiol benzoate (referred to subsequently as estradiol) in 100 l of sesame oil or 100 l of oil vehicle alone as described previously (Rudick and Woolley, 2001; Ledoux and Woolley, 2005) . This protocol produces estradiol levels of ϳ30 pg/ml measured 24 h after injection (Woolley and McEwen, 1993) , slightly lower than peak proestrus levels (Smith et al., 1975) . Except where noted, all chemical reagents were from Sigma.
KA seizure testing. Systemic KA treatment was used to investigate how estradiol affected the latency to initiate behavioral seizures and the severity of seizures. To parallel previous measurements of GABA release, seizure testing was performed 24 h after estradiol or oil treatment. For each seizure testing session, two rats from different treatment groups were coded so that the experimenter was blind to their treatment condition. Each rat was given an injection (15 mg/kg, i.p.) of KA and placed individually in a clean Plexiglas cage. The timing of each episode of stereotyped seizure behavior (Sperk et al., 1985; Woolley, 2000) was recorded over a 2 h period. One to three testing sessions were conducted per day. KA seizures begin with bouts of immobility and staring, followed by head waving/chewing [stages 1 and 2 as defined by Racine (1972) ] and then forelimb clonus (Racine stage 3); in the majority of animals, seizures advance to more severe stages consisting of bouts of rearing/falling (Racine stages 4 and 5) and then tonic-clonic seizure with extreme tonus and vigorous jerking movements. After 2 h of seizure monitoring, each rat was deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.; Virbac AH) and perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The effectiveness of ovariectomy and estradiol treatment was confirmed by visual inspection of the uterus.
Anti-NPY IgG infusion. To investigate the role of NPY in estradiol's effects on KA behavioral seizures, rats were infused intracerebroventricularly with anti-NPY IgG or a control solution before seizure induction, to block the actions of NPY during seizures. Rats were deeply anesthetized with ketamine (87 mg/kg, i.p.) and xylazine (13 mg/kg, i.p.; both from Lloyd Laboratories) and placed in a small animal stereotaxic apparatus (David Kopf Instruments). A sterilized Hamilton syringe was used to deliver 5 l of a control solution (sterile saline or rabbit serum) or anti-NPY IgG (10 g/l, rabbit polyclonal; Sigma) (Veliskova and Velisek, 2007) into the third ventricle (Ϫ3.0 mm anteroposterior, 0.1 mm lateral, 4.5 mm depth) over a 5 min period. Animals were treated with 10 g of 17␤-estradiol benzoate or oil vehicle subcutaneously after recovery from stereotaxic surgery. Twenty-four hours after oil or estradiol treatment, each rat was coded and received an injection of KA (15 mg/kg, i.p.), and seizure behaviors were monitored for 2 h as described above. After 2 h, each animal was deeply anesthetized with sodium pentobarbital (80 mg/ kg, i.p.; Virbac AH) and perfused with 4% paraformaldehyde in PB. Their brains were removed, blocked to contain the hippocampus, and postfixed overnight at 4°C. Brains were then rinsed, cryoprotected in 30% sucrose, and sectioned (40 m) through the dorsal hippocampus using a Leica SM2000R freezing microtome. The spread of the anti-NPY antibody was evaluated for each animal by anti-rabbit secondary antibody staining visualized with diaminobenzidine (DAB) using an ABC kit (Vector Laboratories) as described below. Pilot studies confirmed that anti-NPY was detectable throughout the dorsal hippocampus for at least 48 h after infusion. There was no difference in seizure behavior between saline-and serum-infused controls. Saline-infused controls showed no secondary antibody staining, whereas serum-infused controls showed a similar pattern as anti-NPY-infused animals, although staining was lighter overall in controls.
Electron microscopic immunocytochemistry. Electron microscopic immunocytochemistry was used in nonseizure animals to localize and quantify NPY immunoreactivity (IR) at the ultrastructural level. Rats were deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.; Virbac AH) and perfused with heparinized saline, followed by 3% paraformaldehyde/0.5% glutaraldehyde in PB. Brains were removed, blocked to contain the dorsal hippocampus, and postfixed overnight at 4°C. Blocks were then rinsed and sectioned (50 m) through the dorsal hippocampus using an EMS-4000 oscillating tissue slicer (Electron Microscopy Sciences). Sections were treated with 1% sodium borohydride and 1% hydrogen peroxide, followed by a blocking solution containing 3% bovine serum albumin (BSA), 0.3% dimethylsulfoxide (DMSO), and 5% normal serum in Tris-buffered saline (TBS), pH 7.4. After rinsing, sections were incubated in primary antiserum to NPY (rabbit polyclonal, 5.0 g/ml; Peninsula Laboratories) in 2% BSA, 0.3% DMSO, and 1% normal serum in TBS at 4°C for 48 h. Sections were then rinsed and incubated with biotinylated anti-rabbit IgG (1:800; Vector Laboratories) followed by an avidin-biotin horseradish peroxidase complex (1:100; Vector Laboratories) in TBS. NPY-IR was visualized with a DAB reaction. Sections were stained with 1% osmium tetroxide, flat embedded in Eponate resin (both from Ted Pella), blocked to contain CA1, and mounted for thin sectioning. Short series of ultrathin (ϳ80 nm) sections were cut on a Reichert Ultracut S ultramicrotome (Leica), collected on formvar-coated slot grids, and stained with 3% uranyl acetate and 2.66% Reynold's lead citrate (both from Ted Pella). Controls included omission of primary antiserum and showed no nonspecific staining. Brains were coded before sectioning so that the experimenter was blind to hormone condition during image collection and analysis.
Another group of rats was used for electron microscopic visualization of estrogen receptor-␣ (ER␣), to investigate whether large dense-core vesicles (LDCVs) contain ER␣-IR. Procedures were as above, except that tissue was not pretreated with hydrogen peroxide and sections were incubated in primary antiserum to ER␣ (MC-20 rabbit polyclonal, 0.5 g/ml; Santa Cruz Biotechnology) followed by nanogold-coupled antirabbit IgG (1:50) and HQ-silver reagent (both from Nanoprobes), as in the study by Hart et al. (2007) . Controls included omission of primary antiserum and showed no nonspecific staining. The MC-20 antiserum used for ER␣ labeling does not cross-react with ER␤ (Azcoitia et al., 1999) and recognizes a single band of the appropriate size on Western blots from hippocampus (Hart et al., 2007) ; all staining is eliminated by preadsorption with a blocking peptide . Because lots of antisera can vary, we verify each lot of MC-20 by Western blot before using it for immunostaining.
Immunostained sections were visualized with a JEOL 1230 transmission electron microscope. For analysis of NPY-IR, four to six 250 ϫ 500 m regions containing the CA1 cell body layer and stratum radiatum in each of four to six sections per animal were imaged. Every NPYimmunoreactive structure was digitally captured at 30,000 -50,000ϫ, classified as being contained within a neuronal axon, dendrite, soma, or glial cell, and its area was measured. Serial sections were used to identify structures not readily identifiable in single sections. The total number of images analyzed was 306 (oil) and 368 (estradiol) in the cell body layer and 414 (oil) and 436 (estradiol) in the stratum radiatum. For ER␣ labeling, 40 -60 sections from each of four animals were scanned for boutons containing ER␣-immunoreactive LDCVs.
Preparation and stimulation of hippocampal slices. Although our primary interest was in the effects of KA seizures in vivo, an initial experiment was done in vitro to validate the use of double-label immunofluorescence to detect activity-dependent release of NPY from GABAergic varicosities. Acute hippocampal slices were prepared, subjected to various stimulation protocols, and fixed immediately for immunostaining. Slices were prepared as follows. Rats were deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.; Virbac AH) and perfused transcardially with ice-cold oxygenated artificial CSF (ACSF) containing (in mM) 125 NaCl, 25 NaHCO 3 , 25 dextrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , and 2 CaCl 2 (osmolarity, 315; pH 7.4). Rats were decapitated, and their brains were removed rapidly and blocked to contain the dorsal hippocampus. Transverse slices (200 m) were cut into an ice-cold bath of oxygenated ACSF using a Leica VT1000S oscillating tissue slicer. Slices were transferred to a holding chamber, where they were allowed to recover submerged in oxygenated ACSF at 35°C for 1 h, and kept at room temperature until stimulation. Slices from each rat were divided into four stimulation groups as described in Results. Each slice was transferred individually to a recording chamber mounted on a Zeiss Axioskop, where it was continuously perfused (2 ml/min) with warm (33-35°C) oxygenated ACSF. A glass bipolar stimulating electrode was placed in the CA1 cell body layer. Control slices received no stimulation; low-frequencystimulated slices received 10 25 s trains of 10 mA, 1 ms pulses at 4 Hz; and high-frequency-stimulated slices received 10 1 s trains of 10 mA, 1 ms pulses at 100 Hz; an additional group of slices received the same highfrequency stimulation in the presence of -conotoxin-MVIIC (1 M; Tocris) and cytochrome C (1 mg/ml) to block voltage-gated Ca 2ϩ channels. The interval between stimulus trains was 1 s. Stimulus protocols were created using pCLAMP software (Molecular Devices) and delivered using an A.M.P.I. Iso-Flex stimulus isolator. All slices were left in the recording chamber for the same amount of time, regardless of stimulation group. Immediately after stimulation, each slice was removed from the recording chamber, submersion fixed in 4% paraformaldehyde in PB, and immunostained for NPY and the 65 kDa form of glutamic acid decarboxylase (GAD65) as described below.
NPYϩGAD65 immunofluorescence. We used double-label immunofluorescence to visualize and quantify NPY-IR contained within GABAergic varicosities; GABAergic varicosities were identified by immunostaining for GAD65, a marker for GABAergic neurons that is concentrated in presynaptic boutons (Kaufman et al., 1991) . Tissue was either the acute hippocampal slices stimulated as above or tissue sections from oil-and estradiol-treated rats before or after KA seizures in vivo. To generate tissue sections after in vivo seizures, rats were deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.; Virbac AH) and perfused with 4% paraformaldehyde in PB. Their brains were removed, blocked to contain the hippocampus, and postfixed overnight at 4°C. Brains were then rinsed, cryoprotected in 30% sucrose, and sectioned (40 m) through the dorsal hippocampus using a Leica SM2000R freezing microtome. Tissue sections and stimulated slices were double labeled with the same rabbit polyclonal NPY antiserum used for immunoelectron microscopy (5.0 g/ml; Peninsula Laboratories) and a mouse monoclonal antibody to GAD65 (0.5 g/ml; BD Biosciences). Immunohistochemical processing was the same as for NPY alone, except for visualization with species-specific IgG coupled to Alexa Fluor 488 for NPY and Alexa Fluor 568 for GAD65 (both 2.5 g/ml; Invitrogen). After secondary antibody incubation, tissue was rinsed, mounted onto subbed slides, dehydrated in graded alcohols, cleared with xylene, rehydrated, and coverslipped under Vectashield (Vector Laboratories). Controls included processing tissue with primary antibodies omitted and with each primary antibody alone as in the study by Hart et al. (2007) . No nonspecific staining was detected.
Fluorescence image acquisition and analysis. Slices and tissue sections were coded so that the experimenter was blind to the treatment group during all imaging and analysis. Tissue was imaged using a PerkinElmer Ultraview spinning disc laser confocal microscope with a 100ϫ oilimmersion objective. In slices, the stimulation site was identified by a small hole left by the stimulating electrode. For each slice, two stacks of 11 images (81 ϫ 61 ϫ 0.2 m, for a total stack volume of 10,870 m 3 ), one on each side adjacent to the stimulation site, were collected and imported into Volocity software (Improvision); each image stack contained the cell body layer and proximal stratum radiatum. Minimum (0.01 m size thresholds for NPY-immunoreactive puncta were the same as for the analysis in slices. The average sum intensity, a measure that combines size and brightness, and number of individual NPYϩGAD65-immunoreactive puncta per image stack were quantified with Volocity. The greater number of image stacks per animal that could be collected from tissue sections allowed for quantification of NPYϩGAD65-immunoreactive puncta per stack, without normalization to GAD65 volume in the stack. Nevertheless, as a control, the average intensity and volume of GAD65-IR were also quantified. The volume of GAD65-IR per stack was measured rather than the varicosity number because the fiberlike staining that often connected varicosities precluded automated identification of individual varicosities. It is important to note that in all experiments, measurements of NPYϩGAD65-IR reflect NPY labeling; GAD65 labeling was used only to identify NPY puncta present in GABAergic varicosities as opposed to other structures.
Cell fractionation by sucrose density gradient centrifugation. Cell fractionation was used as one of two approaches to investigate the subcellular distribution of ER␣ in the hippocampus; immunogold labeling for ER␣ described above was the other approach. Rats were deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.; Virbac AH) and perfused transcardially with ice-cold homogenization buffer containing (in mM) 5 HEPES-KOH, pH 7.2, 320 sucrose, 5 EDTA, 50 NaF, 10 Na pyrophosphate, 20 Na glycerophosphate, 1 Na orthovanadate, 0.1 PMSF, 1 g/ml leupeptin, and 1 g/ml aprotinin. Rats were decapitated, and all subsequent steps were performed on ice or at 4°C. Brains were removed, and hippocampi were dissected out. Tissue from four rats was pooled and homogenized in 1 ml of homogenization buffer. The homogenate was centrifuged at 1000 ϫ g for 15 min to remove unbroken cells and nuclei. An aliquot of the resulting postnuclear supernatant (PNS) was saved for Western blot analysis. The remaining PNS was loaded on top of a linear sucrose gradient (0.6 -1.8 M sucrose, made in 5 mM HEPES-KOH, pH 7.2, with 0.1 mM PMSF, 1 g/ml leupeptin, and 1 g/ml aprotinin) and centrifuged at 110,000 ϫ g for 12 h. Twelve fractions were then collected from the top of the gradient and stored at Ϫ80°C.
Protein concentration in each sample was determined using the Bradford protein assay (Bio-Rad). Samples containing equal total protein were separated on a 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane (Bio-Rad). The membrane was blocked with 5% nonfat milk and incubated with an antibody against ER␣ (MC-20, 1:2000; Santa Cruz Biotechnology), CAPS-1 (1:500; BD Biosciences), or synaptophysin (MAB5258, 1:2,500,000; Chemicon), followed by horseradish peroxidase-coupled anti-rabbit (1:1000) or anti-mouse (1:2000) IgG (Vector Laboratories). Bands were visualized with enhanced chemiluminescence (ECL Plus; GE Healthcare) and quantified using Image Pro Plus software (Media Cybernetics).
Statistics. SPSS software was used to perform repeated-measures or two-way ANOVA, post hoc tests, or unpaired, two-tailed t tests, as appropriate. The two-tailed Fisher's exact test was used to compare the proportion of animals reaching the rearing/falling stage of seizure behavior, and the Wilcoxon-Mann-Whitney test was used to compare the distributions of means in immunoelectron microscopic analysis of NPY-IR. All data in bar graphs are presented as mean Ϯ SEM.
Results
Estradiol simultaneously increases seizure susceptibility and decreases seizure severity We began by asking whether the same estradiol treatment that decreases GABA release in the hippocampus (Rudick and Woolley, 2001; Rudick et al., 2003; Ledoux and Woolley, 2005 ) also affects hippocampus-dependent behavioral seizures. Ovariectomized adult female rats were treated either with 17␤-estradiol (the most potent estrogen in rats) or oil vehicle. Twenty-four hours later, each rat was given an injection of KA, and its behavior was monitored for 2 h. Within a 2 h period, rats typically cycle through multiple bouts of seizure behavior interspersed with seizure-free periods, and successive bouts of seizure incorporate more severe stages. Latency to the first observation of each seizure behavior is a common measure of seizure susceptibility. Importantly, electrophysiological, metabolic mapping, and immediateearly gene expression studies indicate that KA seizures begin in the hippocampus (Lothman and Collins, 1981; Willoughby et al., 1997; Zeng et al., 2007) . As such, factors that increase hippocampal seizure susceptibility are expected to decrease latency to the earliest stages of seizure behavior, and possibly subsequent seizure stages as well.
Thirty-seven of 42 rats that received injections of KA had behavioral seizures, and the latencies to seizure stages were significantly lower in the estradiol-treated (n ϭ 19) than oil-treated (n ϭ 18) group (repeated-measures ANOVA; F (1,23) ϭ 5.50; p Ͻ 0.05) (Fig. 1 A) . Estradiol significantly decreased latencies to staring (by 29%), head waving/chewing (by 23%), and rearing/falling (by 25%; p values Ͻ0.05); mean latencies to forelimb clonus and tonic-clonic seizures also were lower but did not reach statistical significance ( p ϭ 0.09 and 0.30, respectively). Thus, estradiol increased susceptibility to seizure initiation. Interestingly, however, although seizures occurred sooner in estradiol-treated rats, fewer estradiol-than oil-treated rats reached the more severe seizure stages, particularly rearing/falling. Of the 18 oil-treated rats that had seizures, 17 of them (94%) reached the rearing/ falling stage, whereas only 13 of 19 (68%) estradiol-treated rats reached this stage (two-tailed Fisher's exact test, p Ͻ 0.05; data not shown). This was surprising, because it indicated a seizure mitigating, rather than seizure promoting, effect. Twelve of 19 (63%) estradiol-treated and 13 of 18 (72%) oil-treated rats reached the tonic-clonic seizure stage.
Next, we asked how estradiol affects the duration of rearing/ falling and tonic-clonic seizure bouts, as an indication of seizure severity. We found that both seizure types were shorter in the estradiol group. Within each bout of rearing/falling, rats rear and fall repeatedly, and the number of repetitions is related to the length of that bout. Comparison of rearing/falling events per bout in oil-treated (n ϭ 17) and estradiol-treated (n ϭ 13) rats showed a trend toward fewer events per bout in the estradiol group (unpaired, two-tailed t test, p ϭ 0.08) (Fig. 1 B) . Analysis of tonic-clonic seizures showed clearly that estradiol shortened seizure duration. The average length of each tonic-clonic seizure was only half as long in the estradiol (n ϭ 12) compared with the oil (n ϭ 13) group (unpaired, two-tailed t test, p Ͻ 0.05) (Fig.  1C) . Thus, estradiol simultaneously increased seizure susceptibility, as evidenced by decreased latencies to seizure initiation, but also shortened the duration of advanced KA seizures, indicating a reduction in seizure severity.
That the progression of KA seizures and their severity were suppressed in estradiol-treated animals led us to consider the possibility that, in addition to decreasing GABAergic inhibition, estradiol might potentiate a factor that limits the severity of seizures once they have begun. One candidate for such a factor is NPY. NPY is found in a subset of inhibitory neurons in the hippocampus (Haas et al., 1987; Milner and Veznedaroglu, 1992; Freund and Buzsáki, 1996) , is released in the hippocampus during KA seizures (Husum et al., 1998) , and is implicated in terminating the advanced stages of KA seizure behavior with little effect on seizure latency (Baraban et al., 1997; Weinshenker et al., 2001; Lin et al., 2006) .
Immunoneutralization of NPY blocks the estradiol-induced decrease in seizure severity
If the estradiol-induced decrease in seizure severity depends on NPY, then blocking NPY during seizures should eliminate the difference in seizure duration between estradiol-treated and control animals. We used immunoneutralization to block NPY, as opposed to NPY receptor antagonists, because immunoneutralization makes no assumptions about which NPY receptor(s) is involved in terminating seizures (Woldbye et al., 1997; El Bahh et al., 2005) and allows for post hoc confirmation of anti-NPY in the hippocampus for each animal.
Forty-three animals were infused intracerebroventricularly with either anti-NPY IgG or a control solution (Fig. 2 A) (Veliskova and Velisek, 2007) and treated with oil or estradiol. Twentyfour hours later, each animal was given an injection of KA, and its seizure behavior was monitored for 2 h. Of the 43 infused animals, 26 (60%) progressed at least to the rearing/falling stage and were included in analysis of seizure severity. The distribution among groups was as follows: control-infused oil (n ϭ 6) or estradiol (n ϭ 8) treated; and anti-NPY-infused oil (n ϭ 5) or estradiol (n ϭ 7) treated. After seizure testing, each animal was perfused, and its brain was processed for visualization of anti-NPY (Fig. 2 B) .
Analysis of seizures in infused animals showed that the estradiol-induced decrease in seizure severity depends on NPY. As expected, estradiol decreased the duration of severe seizures in control-infused animals. Furthermore, anti-NPY infusion increased seizure duration to a much greater extent in estradioltreated animals, eliminating the difference between hormone Figure 1 . Estradiol increases susceptibility to KA seizures but also decreases seizure severity. A, Mean Ϯ SEM latencies to KA-induced behavioral seizures. Latencies were significantly lower in estradiol-treated (n ϭ 19) compared with oil-treated (n ϭ 18) rats ( p Ͻ 0.05). Latencies to staring, head waving/chewing, and rearing/falling were significantly decreased ( p values Ͻ0.05); latency to forelimb clonus and tonic-clonic seizures also were reduced but did not reach statistical significance. B, Mean Ϯ SEM number of rearing/falling events per bout in the subset of each group that reached this seizure stage. The number of rearing/falling per bout tended to be lower in estradiol-treated (n ϭ 13) than oil-treated (n ϭ 17; p ϭ 0.08) rats. C, Mean Ϯ SEM duration of tonic-clonic seizures in the subset of each group that reached this seizure stage. The duration of tonic-clonic seizures was significantly lower in estradiol-treated (n ϭ 12) than oil-treated (n ϭ 13; p Ͻ 0.05) rats. E KA, Estradiol-treated, KA-treated; O KA, oil-treated, KA-treated; HW/C, head waving/chewing; R/F, rearing/falling; FLC, forelimb clonus; T-C, tonic-clonic seizures.
groups. For rearing/falling seizures, the number of events per bout was significantly different overall (two-way ANOVA; F (3, 22) ϭ 3.12; p Ͻ 0.05) (Fig. 2C) . Estradiol decreased events per bout in control-infused animals although, as in the initial experiment (Fig. 1 B) , this did not reach statistical significance ( p ϭ 0.09). Importantly, however, the number of events per bout was significantly increased by anti-NPY specifically in estradiol-treated animals ( p Ͻ 0.05). Anti-NPY did not significantly increase events per bout in oil-treated animals, and there was no difference between the anti-NPY-infused estradiol-or oil-treated groups ( p values Ͼ0.10).
The results were similar for tonic-clonic seizures. All the animals that reached rearing/falling also progressed to tonic-clonic seizures. As for rearing/falling, we found a significant overall effect on tonic-clonic seizure duration (two-way ANOVA; F (3,21) ϭ 7.14; p Ͻ 0.01) (Fig. 2 D) . As in our initial experiment (Fig. 1C) , tonic-clonic seizures lasted only half as long in estradiol-compared with oil-treated controls ( p Ͻ 0.05). Additionally, anti-NPY infusion increased tonic-clonic seizure duration in estradiol-treated animals ( p Ͻ 0.01), leading to no difference between anti-NPY-infused oil-and estradiol-treated animals ( p values Ͼ0.10). Thus, for both types of severe KA seizures, anti-NPY infusion blocked the estradiol-induced decrease in seizure severity and eliminated the difference between oil-and estradioltreated animals. Because infused anti-NPY was confined primarily to the hippocampus, these results provide strong evidence that hippocampal NPY is primarily responsible for estradiol's effect to decrease seizure severity.
In contrast to its effects on seizure severity and consistent with most studies of NPY effects on KA seizures, we found no evidence that anti-NPY infusion affected the latency to any seizure stage ( p values Ͼ0.10; data not shown). Also, although it does not affect interpretation of our results, we note that the durations of tonicclonic seizures in this experiment were unexpectedly lower than in the first experiment. The proportion of rats that progressed to the advanced stages of KA seizures was also slightly lower. These differences may be related to hippocampal damage caused by infusions and/or to use of a different (older) lot of KA in the first experiment versus one obtained recently in the second experiment.
Estradiol increases the NPY content of inhibitory boutons
That the estradiol-induced decrease in seizure severity depends on NPY raises the question of how estradiol regulates NPY to decrease seizure severity. As noted previously, NPY is found in a subset of GABAergic neurons in the hippocampus. In vitro electrophysiological studies in hippocampus indicate that NPY exerts its anticonvulsant effects, at least in part, through suppression of excitatory synaptic transmission (Colmers et al., 1987; Haas et al., 1987) . Furthermore, the same duration of estradiol treatment used here (24 h) has been shown to increase the number of NPYimmunoreactive cells in the CA1 region of the hippocampus (Nakamura and , suggesting that it may increase NPY levels. Therefore, we next asked whether estradiol increases the pool of potentially releasable NPY in hippocampal neurons.
We used electron microscopic immunocytochemistry to visualize NPY-IR in the CA1 stratum radiatum and cell body layer of oil-and estradiol-treated rats. Consistent with previous observations (Aoki and Pickel, 1989; Milner and Veznedaroglu, 1992) , we observed NPY-IR primarily in a subset of axonal boutons that form symmetric (i.e., inhibitory) synapses with dendritic shafts (Fig. 3 A, B ) and cell bodies, as well as in axons, dendrites, and somatic organelles (e.g., endoplasmic reticulum and Golgi). In many cases, NPY-IR was associated with LDCVs, but, as others .v.) . B, Photomicrograph montage of a representative section showing anti-NPY staining in an animal from this experiment; infused anti-NPY was restricted to the hippocampus and immediately surrounding areas. C, Mean Ϯ SEM number of rearing/falling (R/F) events per bout in oil-treated (n ϭ 6) and estradiol-treated(nϭ8)control-infusedanimalsandoil-treated(nϭ5)andestradiol-treated(nϭ 7) anti-NPY-infused animals. Estradiol tended to decrease the number of R/F events per bout in control-infused animals ( p ϭ 0.09), and the number of R/F events per bout was significantly increasedbyanti-NPYinfusioninestradiol-treatedanimals(*pϽ0.05,significantdifferencefromboth anti-NPY-infused groups). Anti-NPY infused groups were not different. D, Mean Ϯ SEM duration of tonic-clonic (T-C) seizures in the same animals as in C. Estradiol significantly decreased the duration of T-C seizures in control-infused animals (p Ͻ 0.05), and T-C seizure duration was significantly increased by anti-NPY infusion in estradiol-treated animals (**p Ͻ 0.01, significant difference from bothanti-NPY-infusedgroups).Anti-NPY-infusedgroupswerenotdifferent.OKAcontrol,Oil-treated control-infused; E KA control, estradiol-treated control-infused; O KA anti-NPY, oil-treated anti-NPYinfused; E KA anti-NPY, estradiol-treated anti-NPY-infused.
have reported (Milner and Veznedaroglu, 1992) , it was also found in boutons that did not appear to contain LDCVs. Inhibitory boutons containing NPY-IR were often observed near boutons that formed asymmetric (i.e., excitatory) synapses with dendritic spines (Fig. 3 A, B) , consistent with the proposed role of NPY released from inhibitory boutons to suppress glutamate release at nearby excitatory synapses.
We measured the area of NPY-IR as an initial indication of the amount of NPY associated with each labeled structure. Analysis of 720 labeled structures in oiltreated rats and 804 labeled structures in estradiol-treated rats showed that the areas of NPY-IR in inhibitory boutons were significantly larger in the estradiol-treated than the oil-treated group, both in the cell body layer (Wilcoxon-Mann-Whitney test, p Ͻ 0.01) (Fig. 3C ) and stratum radiatum ( p Ͻ 0.05) (Fig. 3D) . Interestingly, this effect was specific to NPY-IR in inhibitory boutons because no differences were detected for NPY-IR in any other structure ( p values Ͼ0.10) (Fig. 3 E, F ) . Insofar as area of NPY-IR is related to the amount of NPY, larger areas of NPY-IR suggest greater NPY content of inhibitory boutons in estradiol-treated rats, which might, in turn, provide more NPY to be released during seizures.
An approach to detect activitydependent release of NPY
To investigate NPY on a larger scale than is feasible with immunoelectron microscopy, we used double-label immunofluorescence for NPY and GAD65, a marker for GABAergic boutons (Kaufman et al., 1991) . GAD65 immunostaining revealed numerous varicosities, a subset of which contained punctate NPY-IR (Fig. 4 A, 5A-D) . These NPYϩGAD65-immunoreactive puncta likely correspond to NPY contained within inhibitory boutons.
NPY, like other neuropeptides, is released by bursts of highfrequency firing (Bartfai et al., 1988) . We used extracellular stimulation in acute hippocampal slices to determine whether NPYϩGAD65 immunofluorescence could be used to detect activity-dependent release of NPY. Slices were prepared from adult female rats and distributed across four groups: nonstimulated (n ϭ 12 slices), low-frequency stimulated (10 25 s trains at 4 Hz; n ϭ 10), high-frequency stimulated (10 1 s trains at 100 Hz; n ϭ 14), and high-frequency stimulated in the presence of -conotoxin MVIIC to block Ca 2ϩ -dependent release (n ϭ 8). Slices were fixed and immunostained immediately after stimulation and imaged with confocal microscopy.
Counting the number of NPY-immunoreactive puncta colocalized with GAD65 showed that high-frequency stimulation decreased the number of NPYϩGAD65-immunoreactive puncta. Results were the same in both the cell body layer and stratum radiatum, so the data were combined (ANOVA; F (3,40) ϭ 4.84; p Ͻ 0.01) (Fig. 4 B) . The number of puncta was lowest in the high-frequency group compared with nonstimulated, lowfrequency stimulated ( p values Ͻ0.05) or high-frequency stimulated in the presence of -conotoxin MVIIC ( p ϭ 0.06). No parameter of GAD65-IR was affected by stimulation ( p values Ͼ0.10). That high-frequency stimulation decreased the number of detectable NPYϩGAD65-immunoreactive puncta suggests that sufficient NPY was released by stimulation to drop levels below detection in a large fraction of boutons. Elimination of this effect by -conotoxin MVIIC, which blocks both N-and P/Qtype Ca 2ϩ channels, confirmed that the stimulation-induced decrease in NPYϩGAD65-immunoreactive puncta depended on Ca 2ϩ influx, consistent with activity-dependent release of NPY.
Seizures decrease the NPY content of inhibitory boutons
Stimulation in hippocampal slices validated the use of NPYϩGAD65 immunofluorescence to detect activitydependent release of NPY from inhibitory boutons. We then used the same approach to investigate how KA seizures in vivo affect NPY in inhibitory boutons in oil-and estradiol-treated rats. We compared NPYϩGAD65-IR in four groups of animals: oil-and estradiol-treated control rats (n ϭ 6 each) and oil-and estradioltreated rats that were given KA seizures (n ϭ 7 each). Seizure behavior was monitored for 2 h after KA injection, followed immediately by perfusion of all rats for immunostaining and confocal microscopy. Similar to staining in slices, NPYϩGAD65 immunostaining in tissue sections revealed numerous varicosities in the cell body layer and stratum radiatum, a subset of which contained punctate NPY-IR (Fig. 5A-D) . We first asked whether the estradiol-induced increase in NPY-IR in inhibitory boutons seen by immunoelectron microscopy (Fig. 3) was apparent in NPYϩGAD65-labeled tissue. We quantified the sum intensity, a measure that combines size and staining intensity, of individual NPY-immunoreactive puncta contained within GAD65-immunoreactive varicosities and found significant differences in the cell body layer (two-way ANOVA; F (3,22) ϭ 3.35; p Ͻ 0.05) (Fig. 5E ) and stratum radiatum (two-way ANOVA; F (3,22) ϭ 4.64; p Ͻ 0.05) (Fig. 5F ). Consistent with results from electron microscopy, the sum intensity of this NPY labeling in nonseizure rats was significantly increased by estradiol in both the cell body layer and radiatum ( p values Ͻ0.05). Next, we asked how KA seizures affected the sum intensity of NPY-IR colocalized with GAD65 and found that this measure was significantly decreased by seizures in both oil-and estradiol-treated rats ( p values Ͻ0.05). The lower sum intensity of NPY-immunoreactive puncta in KA-treated groups, indicating smaller or less intense NPY staining, suggests that some NPY was released from inhibitory boutons during seizures. To confirm that these differences were specific to NPY-IR, we measured the volume and intensity of GAD65-IR in the same image stacks and found no significant differences ( p values Ͼ0.10; data not shown).
Estradiol potentiates the seizure-related decrease in NPY content of inhibitory boutons
Further analysis indicated that the effect of seizures to reduce NPY-IR was greater in the estradiol-treated rats. Using the same image stacks as above, we counted the total number of NPYϩGAD65-immunoreactive puncta in each stack; initially, we made these measurements regardless of the seizure stages reached by each KA-treated rat. This analysis indicated a statistical trend toward an effect of seizures to decrease NPYϩGAD65-immunoreactive puncta number differentially in oil-versus estradiol-treated rats, with a greater effect in the estradiol group (two-way ANOVA; F (3,22) ϭ 2.23; p ϭ 0.11; hormone ϫ seizure interaction, p ϭ 0.09) (Fig. 6 A) . Then, based on previous studies suggesting that NPY is released preferentially during more advanced seizure stages (Baraban et al., 1997; Weinshenker et al., 2001) , we separated the KA-treated groups into rats that did or did not progress to severe seizure stages. Repeating the puncta count analysis on these groups revealed a dramatic effect of rearing/falling and tonic-clonic seizures to decrease NPYϩGAD65-immunoreactive puncta number specifically in estradiol-treated rats. Results were the same for the cell body layer and stratum radiatum.
Recall that, in the first experiment, fewer estradiol-than oiltreated rats reached the more severe seizure stages. Similarly, in the current experiment, all seven oil-treated rats reached the rearing/falling stage, whereas only four of seven estradiol-treated rats progressed to rearing/falling. Comparing the number of NPYϩGAD65-immunoreactive puncta in oil-treated rats to that in estradiol-treated rats that did or did not reach the rearing/ falling stage revealed that the number of puncta was decreased by more than half in the estradiol-treated rats that experienced rearing/falling seizures (ANOVA; F (2,11) ϭ 5.96; p Ͻ 0.05) (Fig. 6 B) . In contrast, oil-treated animals that experienced rearing/falling seizures were not different from estradiol-treated rats that did not ( p Ͼ 0.10) (Fig. 6 B) . Similar results were found with tonicclonic seizures. Three of seven oil-treated and four of seven estradiol-treated rats progressed to tonic-clonic seizures. Only in estradiol-treated rats, however, did tonic-clonic seizures decrease NPYϩGAD65-immunoreactive puncta number, again by more than half (ANOVA; F (3,10) ϭ 4.13; p Ͻ 0.05) (Fig. 6C) . Tonic-clonic seizures did not affect puncta number in the oil group ( p Ͼ 0.10) (Fig. 6C) . Interestingly, two of the oil-treated rats in this experiment had been seizing for a prolonged period at the 2 h time point after KA, one for 30 min and the other for 32 min; these rats likely were in status epilepticus. Despite seizure at the time of terminal anesthesia, however, neither showed the decrease in NPYϩGAD65-immunoreactive puncta number that was evident in estradiol-treated rats that had severe seizures. This Figure 4 . Use of NPYϩGAD65 immunofluorescence to detect activity-dependent release of NPY from inhibitory varicosities. A, Double-label immunofluorescence for NPY (green) and GAD65 (red) after stimulation in a hippocampal slice. NPYϩGAD65 puncta (yellow; arrow) were analyzed. Scale bar, 1 m. B, The number of NPYϩGAD65 puncta per cubed micrometer of GAD65 was lower in high-frequency-stimulated slices (n ϭ 14) compared with nonstimulated (non; n ϭ 12; p Ͻ 0.05), low-frequency stimulated (low; n ϭ 10; p Ͻ 0.05), or highfrequency stimulated in the presence of -conotoxin MVIIC (highϩ-cntx) to block Ca 2ϩ -dependent release (n ϭ 8; p ϭ 0.06). * indicates a significant difference from non and low groups. The frequency-dependent loss of NPY-immunoreactive puncta and block by -conotoxin MVIIC are consistent with activity-dependent release of NPY.
ancillary observation supports the contention that seizure-related NPY release is increased by estradiol.
To confirm that the seizure-related loss of immunostaining was specific for NPY, we measured the intensity and volume of GAD65-IR in the same image stacks and found no effect of rearing/falling or tonicclonic seizures ( p values Ͼ0.10). Thus, specifically in the estradiol group, experiencing the most advanced KA seizure stages was associated with a loss of NPYimmunoreactive puncta from inhibitory varicosities. Given that this loss of NPY-IR likely reflects activity-dependent release of NPY (Fig. 4) , that such a decrease occurred only in estradiol-treated rats indicates that NPY release was greater in this group. Together with the immunoneutralization experiment, these data indicate that the estradiol-induced decrease in KA seizure severity is attributable to greater seizureinduced release of NPY.
ER␣ is found on LDCVs
How might estradiol facilitate NPY release? In a previous study (Hart et al., 2007) , we found that a portion of small, putative synaptic vesicles in inhibitory boutons is immunoreactive for the ␣ form of the estrogen receptor (ER␣) and that estradiol treatment mobilized specifically these ER␣-immunoreactive vesicles closer to potential release sites. This raises the intriguing possibility that estradiol can facilitate vesicle release through direct action on ER␣-containing vesicles. Thus, if LDCVs also contain ER␣, this would suggest that estradiol facilitates NPY release by acting directly on LDCVs. We used two approaches to investigate this, cell fractionation and immunoelectron microscopy, both of which showed that LDCVs contain ER␣.
For cell fractionation studies, we prepared PNS from adult female rat hippocampus, centrifuged it through a linear sucrose density gradient to equilibrium, and collected 12 fractions starting from the top of the gradient. This approach has been well characterized in pituitary tissue (Navone et al., 1989; WalchSolimena et al., 1993) and also used to separate synaptic vesicles from LDCVs in brain (Saegusa et al., 2002) . In previous studies, three regions of the gradient can be resolved: the lightest fractions near the top contain soluble proteins, the middle fractions (ϳ1.0 M) are enriched in synaptic vesicles, and the densest fractions near the bottom (ϳ1.6 M) contain LDCVs.
We probed Western blots of the PNS and all 12 sucrose density fractions for ER␣ and two different vesicle markers, Ca 2ϩ -dependent activator protein for secretion 1 (CAPS1) and synaptophysin (Fig. 7A, top) . CAPS1 is primarily a soluble protein (Berwin et al., 1998; Speidel et al., 2003) , but a fraction of CAPS1 is associated with LDCV membranes (Berwin et al., 1998) where it regulates LDCV exocytosis (Tandon et al., 1998) . Synaptophysin, in contrast, is primarily associated with synaptic vesicles but is also present on LDCVs (Berwin et al., 1998) . For each analyzed protein, band optical density was quantified on films obtained from three separate Western blot analyses and expressed as a percentage of the summed optical density of all 12 fractions for the given protein (Fig. 7A, bottom) . This allowed comparison of the distribution of each protein across the gradient.
As described for pituitary fractions (Walch-Solimena et al., 1993) , three regions of the sucrose gradient were apparent: the lightest fractions likely contained soluble proteins, as indicated by the major peak of CAPS1 in fractions 3-5; the middle fractions contained synaptic vesicles, as indicated by the main synaptophysin peak detected in fractions 6 and 7; and the bottom fractions likely contained LDCVs, as indicated by the presence of both CAPS1 and synaptophysin in fraction 11. Remarkably, we found the greatest concentration of ER␣ in the LDCV fractions 10 and 11, although some ER␣ was also detected in fractions 7-9. The presence of ER␣ in the middle fractions containing synaptic vesicles was expected from our previous studies (Hart et al., 2007) .
The cell fractionation analysis strongly suggested that ER␣ Figure 5 . Estradiol increases, and seizures decrease, the NPY content of inhibitory varicosities. A-D, Double-label immunofluorescence for NPY (green) and GAD65 (red) in the stratum radiatum of control oil (A) and estradiol (B) rats as well as oil (C) and estradiol (D) rats that were given KA seizures. NPYϩGAD65 puncta (yellow; arrows) were analyzed. Scale bar, 1 m. E, F, Mean Ϯ SEM sum intensity of NPYϩGAD65 puncta in each group (n ϭ 6 for oil and estradiol controls; n ϭ 7 for oil and estradiol KA-treated) in the cell body layer (E) and stratum radiatum (F ). Estradiol significantly increased the average sum intensity of NPYϩGAD65 puncta in the cell body layer and stratum radiatum ( p values Ͻ0.05), whereas KA seizures decreased average sum intensity in both regions in both hormone groups ( p values Ͻ0.05). O, Control oil; E, control estradiol; O KA, oil-KA-treated; E KA, estradiol-KA-treated.
is present on some LDCVs. However, because dense fractions likely contain organelles in addition to LDCVs, we also investigated whether LDCVs contain ER␣ using immunoelectron microscopy. Consistent with our previous observations (Hart et al., 2007) , we found ER␣-IR in various extranuclear profiles, including in presynaptic boutons, where it was often associated with small clear vesicles (data not shown). Importantly however, we also found that some LDCVs in presynaptic boutons that formed symmetric (i.e., inhibitory) synapses were ER␣ immunoreactive (Fig. 7B ). This finding, especially together with results of cell fractionation, demonstrates unambiguously that LDCVs contain ER␣ and are thus targets for direct estradiol action.
Discussion
We find that estradiol is both proconvulsant and anticonvulsant for hippocampus-dependent behavioral seizures. On one hand, estradiol increases seizure susceptibility, as evidenced by decreased latencies to KA seizure stages. On the other hand, it also decreases seizure severity, making the most severe stages of KA seizure behavior less likely to occur and shorter in duration. Although others have reported that estradiol can alter seizure susceptibility (for review, see Veliskova, 2006) , that it concurrently suppresses seizure severity is a novel observation. Our findings also indicate that estradiol suppresses seizure severity by increasing the potentially releasable pool of NPY in inhibitory neurons and facilitating NPY release during seizures. The observation that ER␣ is found on some LDCVs suggests that estradiol could facilitate NPY release through direct action on neuropeptidecontaining vesicles.
GABA and seizure susceptibility
Multiple lines of evidence support a role for GABAergic inhibition in regulating seizure susceptibility. Drugs that inhibit GABA synthesis or GABA A receptors cause seizures, whereas drugs that enhance GABAergic function are anticonvulsant (for review, see Rogawski and Loscher, 2004) . Some genetic forms of human epilepsy are associated with GABA A receptor mutations (Baulac et al., 2001; Wallace et al., 2001 ) that impair receptor function (Bianchi and Macdonald, 2001) . In animals, mutation of the gene for GAD65 decreases GAD activity and GABA levels in the brain and increases susceptibility to hippocampus-dependent behavioral seizures (Kash et al., 1997) . We found that the latencies to multiple stages of KA-induced seizure behavior were decreased by estradiol, including the earliest stages, staring and head waving/chewing, which involve the hippocampus selectively (Lothman and Collins, 1981; Zeng et al., 2007) . As such, effects in the hippocampus likely contribute to the estradiol-induced increase in seizure susceptibility. Given the importance of GABAergic inhibition in regulating seizure susceptibility, it is likely that the estradiol-induced decrease in GABA release in the hippocampus (Rudick and Woolley, 2001; Rudick et al., 2003; Ledoux and Woolley, 2005 ) is a major factor in the increased seizure susceptibility we observed.
GABAergic neurons in the hippocampus can be classified by location/morphology, firing characteristics, and/or neurochemical phenotype (Freund and Buzsáki, 1996) . Our previous studies, however, gave no indication that estradiol decreases GABA release from a particular subset of neurons. For example, it is unlikely that an effect on one class of cells would produce the Ͼ30% lower evoked IPSC amplitude and miniature IPSC frequency we observed (Rudick and Woolley, 2001) . Furthermore, histograms of docked vesicle number at inhibitory synapses in control and estradiol-treated animals showed no evidence of modality (Ledoux and Woolley, 2005) , suggesting that estradiol decreases the number of vesicles available for release generally, rather than at a subset of synapses.
NPY and seizure severity
The effects of NPY on hippocampus-dependent seizures have been studied extensively. Infusion of NPY intracerebroventricularly shortens electrically induced afterdischarges in the subiculum (Woldbye et al., 1996) , and NPY or Y2 receptor agonists suppress epileptiform activity in hippocampal slices (Klapstein and Colmers, 1997) . Studies with NPY knock-out mice indicate that NPY is important in terminating severe KA seizures in vivo, with a minimal effect on seizure susceptibility. Baraban et al. (1997) found that neither the latency to initiate seizures nor the dose of KA required to induce seizures differs between wild-type and NPY knock-out mice. However, once knock-outs reach the Figure 6 . Specifically in estradiol-treated animals, severe seizures decrease the number of inhibitory varicosities that contain NPY. NPYϩGAD65 puncta were analyzed; data are from the same image stacks as in Figure 5 . A, Mean Ϯ SEM number of NPYϩGAD65 puncta per 10,870 m 3 image stack in control oil (O; n ϭ 6) and estradiol (E; n ϭ 6) rats and in oil (n ϭ 7) and estradiol (n ϭ 7) rats that experienced any stage of KA-induced seizure. B, Mean Ϯ SEM number of NPYϩGAD65 puncta per stack in O KA and E KA rats, separating E KA rats that experienced rearing/falling seizures (ϩR/F; n ϭ 4) or did not reach this stage (ϪR/F; n ϭ 3). C, Mean Ϯ SEM number of NPYϩGAD65 puncta per stack in O KA and E KA animals, separating rats that experienced tonic-clonic seizures (ϩT-C; oil, n ϭ 3; estradiol, n ϭ 4) or did not reach this stage (ϪT-C; oil, n ϭ 4; estradiol, n ϭ 3). Rearing/falling or T-C seizures significantly decreased the number of NPYϩGAD65 puncta in estradiol animals ( p Ͻ 0.05), whereas these seizures had no effect on puncta number in the oil group. Each bar shows separate counts from the cell body layer (cbl) and stratum radiatum (rad), which did not differ. O KA, Oil-KA-treated; E KA, estradiol-KA-treated. * indicates a significant difference (p Ͻ 0.05) from corresponding layer in E KA animals that did not have R/F (B) or T-C (C) seizures.
rearing/falling stage, seizures last longer and often progress to death. Consistent with this, overexpression of NPY in the hippocampus decreases the duration of electrographic (Vezzani et al., 2002) or behavioral (Lin et al., 2006 ) KA seizures, with no effect on seizure latency [but see Richichi et al. (2004) for overexpression beyond the hippocampus]. NPY is thought to exert its anticonvulsant effects, at least in part, by decreasing Ca 2ϩ influx (Qian et al., 1997) and suppressing glutamate release (Colmers et al., 1987) at nearby excitatory boutons. Our observation of NPY-IR in inhibitory boutons near excitatory synapses is consistent with this model.
Estradiol regulation of NPY levels
Electron microscopic immunocytochemistry for NPY and NPYϩGAD65 immunofluorescence both indicated that estradiol increases the NPY content of inhibitory boutons. This could occur through changes in gene expression, stability or translation of mRNA, posttranslational processing, and/or a "storing up" of NPY through decreased nonseizure release.
The classical mechanism of estrogen action is through nuclear estrogen receptors ER␣ and ER␤, which regulate expression of target genes. In CA1, nuclear ER␣ is found in a subset of GABAergic neurons ), whereas there is little evidence for nuclear ER␤ (Shughrue and Merchenthaler, 2001; Mitra et al., 2003) . However, both ER␣ (Milner et al., 2001; Hart et al., 2007) and ER␤ (Milner et al., 2005) are found extranuclearly in CA1. Interestingly, Nakamura and McEwen (2005) reported that the same estradiol treatment used here increases NPY mRNA in CA1, by 25%. However, they also found that only 3-26% of NPY neurons in CA1 express nuclear ER␣. Given low levels of nuclear ER␣ and ER␤, it is likely that estradiol regulation of NPY mRNA occurs through a non-ER-mediated transcriptional mechanism and/or changes in mRNA stability (Titolo et al., 2006) .
Estradiol also might influence NPY peptide processing through regulation of the adaptor protein (AP) complexes involved in LDCV formation. For example, AP-3 constrains the size and quantal content of LDCVs (Grabner et al., 2006) , and AP-3␦ expression is decreased by estradiol (Lee et al., 2004) . If estradiol decreases the levels or function of AP-3␦ or other APs in hippocampus, this might increase the NPY content of inhibitory boutons by increasing the volume and/or NPY content of LDCVs. Another possibility is that estradiol stimulates LDCV transport to and/or accumulation in presynaptic boutons. For example, if estradiol decreased nonseizure release of NPY, more NPY might accumulate to be released during a seizure. This idea has an appealing parallel with estradiol's effect to decrease GABA release. However, because most evidence indicates that there is little, if any, spontaneous NPY release in nonepileptic hippocampus (Tu et al., 2005) , it seems more likely that NPY accumulates in presynaptic boutons through an active mechanism.
Estradiol regulation of NPY release
Our immunofluorescence analyses indicated that, in addition to increasing the potentially releasable pool of NPY, estradiol potentiates the release of NPY during seizures. Blocking NPY in the hippocampus eliminated the estradiol-induced decrease in seizure severity, pointing to hippocampal NPY as primarily responsible for this effect.
Activity-dependent release of classical neurotransmitters such as GABA and neuropeptides such as NPY is Ca 2ϩ dependent. Classical neurotransmitters are released from small synaptic vesicles docked at presynaptic active zones, near a high density of voltage-gated Ca 2ϩ channels. As such, a single action potential can raise local Ca 2ϩ levels sufficiently to trigger release. LDCVs that contain neuropeptides, however, are generally located further from active zones (Torreabla and Carrasco, 2004) and require high-frequency activity to raise Ca 2ϩ sufficiently for release (Bartfai et al., 1988; Verhage et al., 1991) . Thus, any estradiolinduced change in the bouton microenvironment that potentiates Ca 2ϩ entry and/or brings LDCVs nearer to Ca 2ϩ channels could facilitate NPY release. The differential effect of estradiol to facilitate activity-dependent release of NPY, and not of GABA, argues in favor of the second suggestion: that estradiol mobilizes NPY-containing LDCVs nearer to sites of Ca 2ϩ entry. We hypothesized that estradiol might regulate LDCVs directly. In Hart et al. (2007) , we used serial section immunoelectron microscopy to show that clusters of small vesicles in inhibitory boutons are ER␣ immunoreactive and that estradiol shifts the location specifically of ER␣-immunoreactive vesicles within the larger vesicle pool. In the same study, confocal microscopy showed a high degree of colocalization between extranuclear ER␣-IR and punctate NPY-IR, suggesting that ER␣ also might be associated with NPY-containing LDCVs. In the current study, we found both with cell fractionation and immunoelectron microscopy that LDCVs contain ER␣. Thus, by analogy to Hart et al. (2007) , estradiol might facilitate NPY release by acting directly on LDCVs to mobilize them closer to sites of Ca 2ϩ influx and vesicle docking/release. Although speculative, if LDCVs in other brain areas also contain steroid receptors, direct effects on LDCVs could be a generalizable mechanism for steroid regulation of neuropeptide release.
Together, our findings raise an interesting paradox: how can estradiol both suppress the release of GABA and facilitate the release of NPY? One possibility is that GABA-and NPYcontaining vesicles are influenced by different estrogen receptors (e.g., ER␣ vs ER␤). Our observation of ER␣ on both small vesicles and LDCVs, however, argues against this. An intriguing alternative is that the differential effect of estradiol on GABA and NPY arises from differences in the molecular composition of GABAversus NPY-containing vesicles. Although neurotransmitter vesicles and LDCVs share many molecular components (Torreabla and Carrasco, 2004) , LDCVs contain some proteins not found in classical transmitter vesicles. For example, CAPS (Walent et al., 1992) is an LDCV-specific protein that is required for secretion (Speese et al., 2007) and may be involved in LDCV docking (Hammarlund et al., 2008) . Understanding whether and how estradiol regulates CAPS or other LDCV-specific proteins in the hippocampus, interactions between ER␣ and LDCV proteins, and the role(s) these proteins play in LDCV mobilization and docking, could lead to identification of novel molecular targets for anticonvulsant therapies.
